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Some of the peculiarities of the atom scattering on metal surfaces are discussed in connection
with the applicability of the Debye-Waller factor (DWF). The influence of the attractive potential
well and of the finite size of the incident particles upon the scattering is commented. By comparing
calculated DWF-values with experimental He scattering data it is concluded that the existence of
diffraction is a necessary but not a sufficient condition for the applicability of the DWF. It is
finally shown that the smooth potential surfaces which characterize the interaction between atoms
and metal surfaces explain the apparently reduced thermal roughening observed experimentally.

Introduction

In the last few years the number of papers con-
cerned with the scattering of molecular beams from
solid surfaces increased dramatically. This justifies
the appearance of two excellent reviews by Good-
man?! (theoretical) and Smith? (experimental). The
rapid development can be ascribed on the one hand
to the better technical means allowing for well de-
fined experimental conditions (surface structure and
cleanliness, well collimated beams, mass and veloc-
ity discrimination, etc.) and on the other hand to
the search for informations of general interest. These
informations concern not only the mechanisms and
parameters of the gas-surface interaction (e.g inter-
action forces, surface catalysis) but also the solid
surface itself (e.g. phonon spectra associated with
the surface).

X-ray, electron and neutron beams were success-
fully used for a long time in the study of solids. It is
thus obvious that the experience accumulated and
the procedures developed during these studies should
be used in the new field of investigation where
atoms and molecules replace the former probing
particles. But it is also evident that care should be
exercised when making analogies, by bearing in
mind not only the resemblances but also the differ-
ences.

One of the first procedures which was taken over
in order to obtain informations about the surface
Debye temperatures, T'ps, by means of molecular
beam scattering was the use of the Debye-Waller
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factor (DWF). Although attention was paid to the
peculiarities of the gas-surface interaction (existence
of an attractive potential well > and size effect ), the
DWF was used not only to describe real diffraction
peaks * but also specular peaks reflected from metal
surfaces > ¢ from which no diffraction was observed.
We showed recently that the relative specular inten-
sity measured in most He/metal surface scattering
experiments is orders of magnitude larger than it
should be expected from calculated DWF-values 7.
We explained the discrepancy by the fact that the
specular peaks observed on most metals are not due
to a diffraction process, and therefore concluded
that the use of the DWF is at least questionable.
Further, by analogy with the neutron scattering by
crystals and on ground of Cassels’® systematization
we showed ? that, whereas the DWF accounts for the
increase with temperature of the ordered inelastic
scattering events at the expense of the ordered
elastic ones, the events which produce the specular
atom beams in the case of most metals belong to a
third category: disordered elastic scattering. It was
concluded that the existence of a diffraction process
is a necessary condition for the correct application

of the DWF.

It is the purpose of this paper to analyse the
peculiarities of the atom scattering on metal surfaces
and its consequences on the expression and value of
the DWF. In the first section some aspects of the
influence of the attractive potential well upon the
scattering process are discussed. In the second sec-
tion, values of the DWF calculated by considering
a somewhat more elaborate size effect correction are
presented. In both cases the comparison with ex-
perimental data shows that the He-beams specularly
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reflected from most metals cannot be described by
the Debye-Waller theory probably because these
beams are not zero-order diffraction beams. In the
third section, the calculated DWF-values are com-
pared with the experimental intensities obtained by
Tendulkar and Stickney ! in the sole experiment in
which diffraction from clean metal surfaces was
observed. It is finally concluded that the existence
of simple diffraction is only a necessary but not a
sufficient condition for the applicability of the DWF
in atom beam/solid surface scattering.

I. The Attractive Potential Well

The first modification of the DWF-formula, al-
lowing for one of the atom scattering peculiarities,
was made by Beeby 3 11. He took into consideration
the existence of the attractive potential well, D =
kT i, . which characterizes all gas-solid interactions,
and showed that “the momentum transfer appearing
in the DWF is that calculated after the incident
atom has been accelerated by the attractive part of
the potential”, In addition, he considered that the
energy gained by the incident atom increases only
the normal momentum. Thus, Beeby obtained the
following expression for the DWF accounting for
the diffraction of an incident atom at grazing inci-
dence:
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where m and M are the masses of the incident and
surface atom, respectively, and T, is the surface
temperature. The general expression of the DWF for
an incidence angle © of the atom beam is7 in the
case of a monoenergetic beam of velocity v,:

12m? T v,? cos®> O }

(Si‘g = 6m:1x exp {_ MI TQV .
Ds
24mT,

_ . o R B S
;exp{ METS, (kTpin + 2 m v, cos @)} (2)

and in the case of a maxwellian beam of tempera-
ture Ty:
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It is easy to see, that the “attraction potential cor-
rection”, 0.« is important even for He (smallest
Twin)» its influence growing with the decrease of the
beam temperature and with the increase of the angle
of incidence.

(2"

It is apparent from (2) and (2') that the dif-
fracted beam intensities should decrease with in-
creasing beam temperature. Indeed, Estermann and
12 observed (on a non-metallic surface, LiF)
a decrease of the specularly reflected intensity with
increasing He-beam temperature. However, Stoll
et al.’® found in the case of Pt(111) that “in-
creasing the He-beam temperature increases the
value of the peak maximum and decreases the width
of the scattering pattern™. This is, besides the quan-
titative considerations we presented elsewhere ? and
which we will discuss in the next section, a very
strong argument for the non-diffractive character of

Stern

the He-beams specularly reflected from metal sur-
faces, and thus for the non-applicability of the

DWF.

In order to comment on this argument, we will
give a short review of the systematization of the
atom/surface scattering processes we recently pro-
posed ?. This systematization was obtained by ana-
logy with the neutron/crystal scattering theory due
to Cassels®. The scattering processes are divided
into four categories:

1) Ordered elastic: real diffraction peaks (e. g.
He/LiF).

2) Ordered inelastic: diffraction processes including
phonon interactions, e. g. the streaks found by
Williams '* in the vicinity of the He-peaks dif-
fraction from a LiF (001) surface.

3) Disordered elastic: e.g. the central portion of
the specularly reflected He-peaks (from metals).

4) Disordered inelastic: trapping-like mechanisms,
e. g. the diffusely scattered atoms and probably
also the wings of the He-beams specularly re-
flected from some metals.

To the first two categories belong those scattering
processes which are characterized by the coherent
interference of the waves scattered from discrete
sites (i.e. from the individual surface oscillators).
In the third category we have included the He-atoms
specularly reflected from metal surfaces on which
no diffraction was observed (no coherence). This is
actually in accordance with the common view that,
in the case of metals, the He-atoms are scattered by
a smooth surface and not by discrete sites. Each
point of this smooth potential surface is built up by
the superposition of the long range interaction po-
tentials (incident-atom/surface-atom) belonging to
several surface atoms. This means that the He-atom
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actually collides with a large mass, the collision
being practically elastic. Finally, the forth category
contains the scattering processes during which a
trapping-like event occurs which is obviously in-
coherent and inelastic.

In the slow neutron and low energy electron scat-
tering the first two categories are usually called
Bragg scattering and “one phonon + multiphonon”
scattering, respectively. It was theoretically shown
and experimentally confirmed !° that the sum of the
scattered electrons belonging to these two categories
is constant over a wide surface temperature range.
There is no reason to assume a priori that this is
true also for the atom scattering. On the contrary:
Weinberg and Merrill 16 showed on the basis of an
“attractive square well and impulsive repulsive po-
tential model” that the trapping probability de-
creases with increasing surface temperature and also
with increasing beam temperature. This means that
if the scattering on a given surface consists of
processes of type (1), (2) and (4)'7, the sum of
the ordered scattering events (1) and (2) will in-
crease with increasing surface temperature (and/or
beam temperature) at the expense of the type (4)
events. On the other hand, the transfer between the
two “ordered” categories is governed by the DWF:
by increasing the surface temperature (and the beam

temperature as well) the number of inelastic events’

(2) increases at the expense of the elastic ones (1).
One may thus conclude that, by increasing the sur-
face temperature and/or the beam temperature the
number of ordered inelastic events (phonon inter-
actions) always increases due to both the relative
decrease of the number of ordered elastic events
(DWF) and the absolute decrease of the trapping.
A similar statement concerning the variation of the
ordered elastic events can hardly be made, because
the number of these events increases on account of
the decrease of trapping but decreases on account
of the DWF.

One may draw a practical conclusion from the
above considerations: in order to obtain quantita-
tive informations by means of the DWF, its value
(or its variation) has to be compared with the ratio
(1)/T(1) + (2)] and not with (1)/[(1) + (2) + (3)
+ (4)]. Unfortunately, it is not easy to distinguish
experimentally between (1) + (2) and the sum of
all events.

Returning now to the results obtained by Stoll
et al. 13 for the system He/Pt(111), it seems natural

to consider the central portion of the specular peak
as consisting of disordered but elastically scattered
atoms [type (3)] and to assume the atoms con-
tributing to the wings of the peak as having under-
gone a trapping like process [type (4)]. As was
shown by Weinberg and Merrill 1%, the trapping is
reduced by increasing the beam temperature, and
thus the above cited observation of Stoll et al. can
be easily explained 8.

II. The Size Effect Correction

Recently, Hoinkes et al. * have suggested a cor-
rection of the DWF for the case of atom scattering
which accounts for the finite size of the scattered
particles (comparable to the size of the scatterers).
While an electron always probes only one surface
atom, an incident atom may probe simultaneously
1, 2, 3 or 4 surface atoms. As the incident atom col-
lides only with the furthest out of them, the mean
square displacement of the surface atoms is ap-
parently reduced. Hoinkes et al., assuming indepen-
dent surface oscillators, have calculated this reduc-
tion for the H,/LiF system and obtained a signifi-
cant increase of the DWF. Although it seems ques-
tionable to introduce this correction, which is based
on a very classical argument, in a typical quantum-
mechanical formula, we applied it to the systems
He/Ag(111), Pt(111) and W(110). By following
consequently Hoinkes’ argument we concluded that,
as an incident atom collides always with the furthest
out of the surface atoms which it is probing, also
the mean collision surface is apparently displaced.
Thus we calculated the mean square displacement of
the surface oscillators relative to the apparently
displaced surface. These results, which we checked
by electronic simulation, led us to the ds-values of
the DWF, which account for the size effect correc-
tion. In order to compare calculated DWF-values
with experimental relative intensities, one may use
the expression of the scattered intensity given by
Weinberg ¢:

Ir=’Fhklj2 65 (3)
where | Fj;; |2 is the intensity scattered by the rigid

lattice. As it is obvious that | Fj;; 2 is smaller than
the incident intensity, /;. one always should have:

L/L<5,. (3)

One can see from Table 1 that for Ag(111) and
Pt(111) even the d.-values, although being signifi-
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cantly larger than the uncorrected Or.-values, are
orders of magnitude smaller than the experimental
relative intensities 2. This is in flagrant contradic-
tion to relation (3”) and therefore leads to the same
conclusion as the qualitative argument in the pre-
ceding section and the dicussion of the uncorrected
DWF-values: the DWF cannot be applied to the He-
atom beams specularly reflected from metal surfaces,
probably because this specular reflection is not a
zero-order diffraction but a kind of total reflection
on a smooth potential surface (by analogy with the
total reflection of glancing slow neutron beams).

The rather good coincidence between experiment
and the d.-values in the case of W (110) is probably
accidental. This will become evident in the next
section.

II1. The He-Diffraction Peaks from
Clean W(112) Surfaces

The DWF-values calculated by considering the
parameters of the Tendulkar and Stickney 1 experi-
ment are even smaller than those given in Table 1

Table 1. Specular He-intensities vs. valculated d7, and ds 2.

Surface Ts Tz © I/I; 6Tg ds
(°K) (°K)
Ag(111) 206 296 20° .21 013 .050
206 296 45° .37] 028 .096
206 296 65° .32d¢Ref.19.077 .205
Tmin=150°K b 373 206 45° .29 014 .058
Tps =155°K ¢ 573 296 45° .14 002, .018
Pt(111) 373 296 45° .20 009, .048
373 973 45° .25 001, .007,
Tmin=150 °Kb 573 296 45° .15 [ . ;.001; .013
573 973 45° .17 ("7 .000, .001,
Tps =110°K e 773 296 45° .10 000, 004,
773 973 45° .13 .000y; 000,
W (110) 375 296 45° .16 113 .226
Tumin=150°K b 575 296 45° .14 ;Ref.20.044 .114
Tps =180°K ¢ 775 296 45° .12 019 .061

a ¢ includes the “size effect correction”.

b After Reference 3. ¢ After Reference 11.

d The value for 65° is actually higher because a portion of
the incident beam misses the target surface at grazing
angles.

for (Ag(111) and Pt(111) 7. Indeed, they are
ranging from 1073 to 1078 This is mainly due to
the very high surface temperatures (1300 °K and
2200 “K) used in the experiment. The discrepancy
is so important that the size effect correction cannot

improve the situation significantly. (In addition,
the correction is less important in the case of a
(112) surface.)

We are actually in a rather confusing situation:
Tendulkar and Stickney have observed not only
specular beams but also higher order diffraction
peaks located at the expected positions and, in spite
of this, all these peaks are orders of magnitude
higher than the calculated DWF, which is in flagrant
contradiction with formula (3"). There is no reason
to suspect the diffractional character of the peaks
observed or the cleanliness of the tungsten surface.
A possible explanation of the non-applicability of
the DWFE even to diffraction peaks of He-atoms
scattered from metal surfaces might be the follow-
ing. The interaction potential surfaces between the
incident He-atom and the W(112) surface are
smooth, as in the case of other metal surfaces (i.e.
no projections due to individual atoms). But, on
account of the very prominent surface atom rows
which characterize the W(112) surface, the smooth
potential surface becomes wavy, i. e. a kind of linear
grating. The incident He-atom beams directed nor-
mally to the grating lines (© =0°) may undergo
diffraction. However this diffraction process does
not correspond to the definition of the DWF which
involves a diffraction process consisting of the co-
herent interference of waves scattered from indi-
The which
takes place on the W(112) surface is produced by

vidual surface oscillators. diffraction
the coherent interference of the waves scattered from
a wavy smooth potential surface, i.e. again from a
potential built up by the superposition of individual
potentials. A simple proof of this affirmation is the
fact that by changing the azimuth angle of the plane
of incidence (@ =90°, i.e. parallel to the waves)
Tendulkar and Stickney noticed the complete dis-
appearance of diffraction.

One is led to the conclusion that the mere exis-
tence of diffraction is not a sufficient condition for
the use of the DWF in the atom beam scattering
from surfaces. There is an additional condition
which has to be fulfilled: it should be proved for
each separate case that the diffraction is produced
by the coherent interference of the atomic waves
scattered from individual surface oscillators.

Two additional remarks:

1) The fact that for metals the experimental
relative intensities turn out to be orders of magni-
tude larger than the DWF is equivalent to the exis-
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tence of apparent surface temperatures much lower
than the real ones. This apparently reduced thermal
roughness of the surface is in accordance with the
circumstance that for metals the scattering takes
place on a smooth potential surface built up by the
superposition of several long range individual po-
tentials. The thermal roughening of this outer po-
tential surface reflects only weakly the thermal dis-
placements of the individual oscillators 22.

2) The existence of atom diffraction peaks (i.e.
elastic and coherent) which are not produced by the
coherent interference of the waves scattered from
individual oscillators sets already a first limit to the
analogy with the neutron scattering. This is due to
the fact that the interaction potential between neu-
trons and crystal atoms is of very short range, the
neutron “seeing” a smooth surface (total reflection)
only for glancing angles below one degree. We are
thus forced to introduce in the classification pre-
sented in the first section a new category, say (19,
comprising the ordered elastic scattering events
which take place on potential surfaces built up by
the superposition of the potentials of several indi-
vidual oscillators.

Conclusion

The analysis of some peculiarities of the atom
scattering on metal surfaces in connection with the

* Work supported by Deutsche Forschungsgemeinschaft.
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Scattering of type (1) and (2) can hardly coexist with type

(3) because the former two imply discrete scattering sites

and the latter a smooth potential surface.
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DWF leads to the conclusion that the existence of
diffraction peaks is a necessary " ? but not a suffi-
cient condition for the applicability of the DWF. It
should be proved for each separate case that the
diffraction is produced by the coherent interference
of atomic waves scattered from individual surface
oscillators. The sole diffraction pattern yet observed
on clean metal surfaces!® seems to be produced by
the coherent scattering on a wavy but smooth inter-
action potential surface. Since each point of this
surface is built up by the superposition of several
interaction potentials, the thermal roughness of the
metal surfaces is apparently strongly reduced.

According to our above considerations the effec-
tive thermal roughness of the outer potential surface
is related to the actual motion of the individual os-
cillators. The temperature dependence of the relative
intensities of specularly reflected atom beams might
be used for the determination of surface Debye
temperatures, provided that the proper relationship
between the effective thermal roughness and the os-
cillation of the surface atoms can be found.
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